The bacterium Neisseria meningitidis is a major cause of meningitis and septicemia worldwide. Outer membrane proteins (OMPs) are candidates in the search for comprehensive meningococcal vaccines; however, the formulation of OMP vaccines is complicated by antigenic diversity, which is generated by high levels of genetic reassortment and strong positive selection in the meningococcal antigen genes. The genetic and antigenic diversity of three OMPs (FetA, PorA, and PorB) among a global collection of meningococcal isolates representative of the major hyperinvasive clonal complexes was determined. There was evidence for antigenic structuring among the three OMPs that could not be explained purely by descent. These observations violated the predictions of the clonal and epidemic clonal models of population structure but were in concordance with models of strain structure which propose that host immunity selects for nonoverlapping antigen combinations. The patterns of antigenic variant combinations suggested that an OMP-based vaccine with as few as six PorA and five FetA variant sequences could generate homologous immune responses against all 78 isolates examined.
of vaccine development, the PorA and FetA proteins have the additional advantage that their major immunogenic epitopes are easily defined, as they correspond to contiguous peptide sequences located in putative surface-exposed loops of these proteins (20, 37, 41, 42) . Various vaccine formulations comprising mixtures of OMP variants have been proposed, including the expression of multiple PorA variants by genetically engineered meningococci (6, 25) . The choice of variants to be included in these multicomponent vaccines is complicated by the frequent occurrence of antigenic variants in all of the major surface antigens described to date (21, 27, 34, 37, 39, 44) .
In addition to antigenic diversity, meningococcal populations are genetically highly diverse; many genotypes have been identified by examination of housekeeping genes that are subject to selection for conservation of metabolic function (9, 17, 19) . These genotypes have been identified as electrophoretic types by multilocus enzyme electrophoresis (7) and more recently as sequence types (STs) by multilocus sequence typing (MLST) (19, 40) . Population studies that exploit multilocus enzyme electrophoresis and MLST have identified equivalent groups of related genotypes that are referred to as clonal complexes (40) ; these are now named after a predominant, or central, ST, e.g., the ST-1 complex, and include all isolates that share identical alleles with this ST at four or more MLST loci. Isolate collections corresponding to populations of asymptomatically carried meningococci show the greatest genetic diversity, while most disease-associated meningococci belong to a limited number of clonal complexes known as hyperinvasive lineages (8, 17, 19) .
To inform the choice of OMV variants to be included in possible meningococcal vaccines, we undertook a survey of the variation of three major OMPs that have been proposed as potential vaccine candidates, PorA, PorB, and FetA. The gene sequences encoding these three proteins were characterized in a collection of 78 meningococci representing the seven hyperinvasive lineages associated with most endemic and epidemic meningococcal disease of the latter half of the twentieth century (19) . Our phylogenetic analyses of concatenated antigen gene sequences clustered isolates into groups that were largely congruent with the clonal complexes identified by analysis of housekeeping genes, although the topologies of the phylogenies differed. Further, there was evidence for both the persistence of particular combinations of antigen variants during decades of global spread and the presence of identical antigen combinations in otherwise unrelated isolates. This antigenic structuring greatly simplified the number of components required for a vaccine that potentially provided cross-protection against all seven hyperinvasive lineages.
MATERIALS AND METHODS
Growth of meningococci and DNA preparation. A total of 78 meningococcal isolates, representative of the major hyperinvasive lineages, were chosen for this analysis (Table 1) . These isolates were previously characterized by MLST (19) and included 37 serogroup A meningococci (14 ST-1 complex, 11 ST-4 complex, and 12 ST-5 complex), 10 isolates from the ST-11 complex (8 serogroup C and 2 serogroup B), 8 isolates from the ST-8 complex (5 serogroup B and 3 serogroup C), 10 ST-32 complex organisms (9 serogroup B and 1 serogroup C), and 13 isolates from the ST-41/44 complex (all serogroup B). Isolates were propagated on heated blood agar plates in an atmosphere of 5% CO 2 for 8 to 16 h. Genomic DNA was prepared by using an Isoquick nucleic acid extraction kit (Orca Research Inc.).
Nucleotide sequence determination and gene nomenclature. PCR amplification and nucleotide sequence determination of the meningococcal porA, porB, and fetA genes were as described previously (33, 37, 38) . Nucleotide sequence data for forward and reverse strands were assembled with the STADEN software package (32) , reformatted into Genetics Computer Group (GCG) format, and aligned to maintain maximum positional homology by using the SEQLAB program within the GCG software package (version 10.1: GCG, Madison, Wis.) (47) . Using the Molecular Evolutionary Genetics Analysis software package (version 2.0) (18) , pairwise comparisons were performed on each set of aligned sequences to identify distinct alleles; allele numbers were then assigned to each unique porA, porB, and fetA gene sequence on the basis of previously defined nomenclature systems (29, 37) .
VR identification. The identification of the variable regions (VRs) of PorA and FetA was straightforward. Nucleotide sequences encoding the defined PorA variable epitopes, VR1 and VR2 (41) , were translated and identified by querying the PorA VR sequence database located at http://neisseria.org/nm/typing/pora/. The amino acid sequence variants determined for the FetA VR (42) (37) were also identified by database interrogation at http://neisseria.org/nm/typing/feta/.
PorB VR identification was more complicated, as PorB proteins often have discontinuous epitopes, where several of the eight PorB surface-exposed variable loops are involved in epitope formation (49) . As loops II and III are essentially invariant in PorB, it was necessary to identify amino acid sequence variation in loops I and IV to VIII when determining PorB epitope diversity. Variation in PorB was therefore determined by pairwise comparisons of the aligned amino sequences corresponding to each surface loop, with each unique sequence at that loop assigned a number in order of discovery. All PorB variable-loop amino acid sequences are listed at http://neisseria.org/nm/typing/porb/. Results were reported by using a scheme slightly modified from that of Frasch et al. (12) , with the format serogroup:serotype:subtype:FetA type (e.g., A:4,21:P1.5-2,10:F5-1).
Data manipulation and analysis. Phylogenetic trees were constructed by using the maximum-likelihood (ML) method available in the PAUP* package (35) . The general time reversible model of nucleotide substitution was used, with values for the nucleotide substitution matrix, the proportion of invariant sites, and the shape parameter (␣) of a gamma distribution of rate variation among sites (with four categories) estimated during tree reconstruction (trees and parameter values are available on request). ML phylogenies were constructed by using concatenated DNA sequences for (i) the seven housekeeping gene fragments employed in MLST (19) , giving a total sequence length of 3,284 bp, and (ii) the three antigen gene sequences, giving a total length of 4,209 bp.
RESULTS
Diversity of OMP genes and proteins. The lengths of the nucleotide sequences when aligned for analysis were as follows: fetA, 2,031 bp; porA, 1,155 bp; and porB, 1,023 bp. Similar levels of sequence diversity were observed at the three loci (Table 2) . Two distinct allele classes were present at the porB locus, porB2 and porB3, and the majority of differences among porB alleles were due to differences between these classes. Peptide sequence variation was identified in regions of the proteins implicated in immune responses in animals and humans. At the FetA VR, 16 unique peptide sequences were identified. There were 12 PorA VR1 and 18 PorA VR2 peptides sequences (26 unique VR1-VR2 combinations) and 26 unique combinations of the peptide sequences corresponding to loops I and IV to VIII of the PorB protein. The allele number designations, nucleotide sequences, and alignments are accessible at http://pubmlst.org/neisseria/links.htm.
Comparison of phylogenies obtained from antigen genes and housekeeping genes. An ML tree constructed with concatenated housekeeping genes clustered the isolates by clonal complex (Fig. 1A) , with the exception of the ST-8 complex isolate B6116/77, which possessed a pdhC allele that was divergent from those present among other ST-8 isolates. Similar clusters of isolates were observed in the ML tree constructed from the concatenated sequences of the three antigen genes, although the deeper branching patterns of the two trees were different (Fig. 1B) . The isolates belonging to the ST-1, ST-4, and ST-5 complexes, which were mostly serogroup A, formed a clade in the housekeeping gene tree but not in the antigen gene tree. Conversely, the isolates belonging to the ST-8 and ST-11 complexes formed a clade in the antigen gene tree, as a result of these isolates possessing porB alleles belonging to the porB2 allele class, while the remaining isolates possessed porB alleles of the porB3 class. The clustering of two ST-32 complex isolates (204/92 and BZ83) with ST-1 isolates reflected identity or similarity of fetA, porA, and porB alleles with ST-1 complex organisms. The oldest isolate in the collection (A4/M1027, ST-4), isolated in 1937 in the United States, fell outside the otherwise closely related cluster of sequences formed by ST-4 complex meningococci, because it had a porA16 allele at the porA locus (Table 1) , an allele predominant among ST-1 complex organisms. Isolate A4/M1027 clustered more closely with a single ST-5 complex isolate (80049), with which it shared an identical porA allele and a closely related fetA allele. Two ST-41/44 complex isolates (NG E30 and NG H36) did not cluster with the remaining isolates belonging to this complex as a result of divergent fetA and porA alleles.
Distribution of FetA and PorA antigenic variants among clonal complexes. There was similarity in patterns of variation identified in FetA and PorA protein sequences. Furthermore, variants of the major immunogenic regions of both FetA and PorA proteins were unevenly distributed among clonal complexes, with particular combinations of the three antigenic regions associated with particular clonal complexes ( Table 1) . The most common combination among the ST-1 complex isolates was P1.5-2,10;F5-1 (6 of 10 isolates), while ST-4 complex isolates were predominantly (6 of 10) P1.7,13-1:F1-5 and ST-5 complex isolates were predominantly (9 of 12) P1.20,9:F3-1. The majority (9 of 13) of ST-41/44 isolates were P1.7-2,4:F1-5. Distribution of PorB antigenic variants among clonal complexes. Despite evidence of mosaic porB gene structure, conservation of PorB sequences was observed in all clonal complexes. The majority of ST-1 complex organisms (11 of 14) possessed PorB3 proteins that were identical in all surface loops and were phenotypically identified as serotype 4,21. The serotype 4,21 PorB3 protein identified among ST-4 complex organisms was distinguished from that identified in ST-1 complex and ST-5 complex meningococci by two amino acid changes in variable loop IV. Most ST-8 complex isolates (five of eight) had identical serotype 2b PorB2 amino acid sequences, with amino acid changes observed in either loop IV or loop VIII of the remaining three isolates, 94/155, BZ10, and AK22 (BZ10 still reacted with the serotype 2b monoclonal antibody despite this variation). The PorB protein was well conserved among ST-11 complex meningococci: 9 of 10 isolates possessed identical PorB2 variable loops and corresponded to serotype 2a. Seven of 10 ST-32 complex isolates examined had identical PorB3 proteins corresponding to sero- 
Temporal and geographic distribution of antigen gene variants and combinations.
A number of antigen gene alleles exhibited wide temporal and geographical distributions. The porA16 allele was identified in 16 meningococci isolated in 15 countries from five continents over a period of 55 years; porB3-26 was identified in 10 isolates obtained from nine countries, including India, the United States, and several African countries, over a period of 53 years. The most widely distributed fetA allele in this collection was fetA5, which was present in 11 isolates originating from nine countries, mainly from Africa but including China and India, over 27 years. The VRs of these proteins also exhibited longevity and global distribution; the FetA VR variant F1-5 was present in 26 members of the isolate collection, including the oldest (A4/M1027, isolated in the United States in 1937) and the most recent isolate examined (N45/96, isolated in Norway in 1996).
DISCUSSION
It is well established that meningococcal OMPs are highly diverse in peptide sequence and that their genes are subject to strong positive selection in regions encoding those parts of the proteins exposed to immune attack (37, 39) . The strength of positive selection recorded for the porB gene, for example, exceeds that reported for the human immunodeficiency virus type 1 envelope protein (39) . These observations raise the possibility of poor efficacy and the rapid spread of escape variants following introduction of vaccines that include meningococcal OMPs as immunodominant constituents. There is, however, evidence for structure in the extent of antigenic diversity present in meningococcal populations, and, if understood and exploited, these limitations could simplify vaccine design and implementation.
Associations of particular serotypes (PorB variants) and serosubtypes (PorA variants) with clonal complexes have been identified in several studies (9, 33, 44) , and variants observed in PorA VR1 and VR2 are structured into nonoverlapping combinations (14) . These associations appear to be maintained despite diversifying selection and high rates of recombination which reassort genes among clonal complexes and generate mosaic genes encoding novel antigen variants (13) . In addition, a study of antigenic variants of the OMP TbpB in the ST-5 complex indicated that while antigenic variants emerged during epidemic spread, they were less fit than the parent geno- on September 7, 2017 by guest http://iai.asm.org/ type and were lost during subsequent transmission (1) . The present analysis has, for the first time, assessed the allele diversity present at three distinct OMP-encoding loci in the major hyperinvasive meningococcal lineages. The results confirmed the extensive diversity of these proteins, with between 28 and 33 peptide sequences observed for each protein, and provided evidence for the structuring of combinations of these variants. Although recombination has erased most deep phylogenetic signal in meningococcal populations (15) , groups of related genotypes, which are likely to comprise meningococci that share a common ancestor, can be identified (19) . MLST resolves these related genotypes as clonal complexes, defined by allelic differences rather than nucleotide sequence comparisons per se, to account for frequent recombination (19, 40) . The ML trees for both housekeeping gene sequences and antigen gene sequences generated clades that were largely congruent with clonal complex for the representatives of the seven hyperinvasive lineages analyzed here. While congruence of phylogenies based on housekeeping genes with clonal complex designation was unremarkable, the distribution of antigen gene sequences illustrated in the phylogenetic analysis required further explanation.
Evolution by simple clonal processes cannot account for congruence of the combinations of antigen variants with clonal complex, as the meningococcus experiences frequent recombination (20, 46) . The predictions of clonality are further violated by the presence of identical antigen gene sequences throughout the data set, regardless of clonal complex. The epidemic clone concept, in which nonclonal populations can be transiently dominated by particular genotypes that share a recent common ancestor (23) , could be invoked to explain the observations. However, this would not explain the longevity of antigen combinations over decades of global spread or the two examples of the presence of identical antigen variant combinations in otherwise genetically unrelated isolates.
The epidemic clone population structure also provides no explanation for the nonoverlapping nature of the antigen combinations observed. In the majority of cases, the clonal complexes representative of particular hyperinvasive lineages have predominant antigen gene combinations that share no major antigen variants with other clonal complexes. There were some examples of sharing of identical antigen variants among combinations; for example, the ST-4 complex shared the P1. Models of strain structuring on the basis of host immunity provide a theoretical framework that can accommodate the observed combinations of antigenic variants (13, 14) . These models postulate that, within a given transmission system, pathogen strains sharing immunological variants are disadvantaged. In this respect, it was noteworthy that a number of clonal complexes contained antigenic variant combinations that were altered at multiple antigens. There was evidence for two globally circulating strains within the ST-11 complex, P1.5,2:F1-1 and P1.5,2-1:F5-5, and one of these variants was associated with two different capsules, with two isolates that were B:2a:P1.5,2:F1-1 and two that were C:2a:P1.5,2:F1-1. At least two ST-32 complex variants spread widely from the mid1970s onwards, and these also displayed nonoverlapping combinations of OMP antigen variants. The "Norwegian" strain was typically B:15:P1.7,16;F3-3, while the "Spanish" strain was B:4:P1.19,15;F5-1. A further variant identified in The Netherlands and the United Kingdom had an OMP profile (4:P1.5-2,10:F5-1) with many ST-1 complex isolates. A final variant identified in Chile, while bearing some similarities with the Norwegian strain, also differed at many OMPs, being B:15: P1.7,3:F3-1. Many examples of these strains within the ST-32 complex have been described previously by use of serological and molecular techniques (5, 7, 46) . Many of the exceptions to the nonoverlapping structure involved PorB and PorA VR1; there is some evidence that these antigens may be relatively less immunogenic than PorA VR2 (22, 28) . In conclusion, it is possible that meningococcal strains or transmission variants may, at least in part, be defined by OMP variant combinations, especially those of FetA VR and PorA VR2.
Whatever the mechanism by which meningococcal antigen variants are structured, the observed structuring greatly simplifies vaccine design. PorA and FetA are attractive vaccine candidates, as they are known to be protective and to generate bactericidal responses in both humans and animal models of infection and protection (4, 26, 30) . PorA has been a major constituent of strain-specific vaccines included in vaccine trials or in development (3, 6, 25, 31) . While FetA has been included in vaccines and is protective, it is relatively less exploited, as it is not expressed well in vitro (28) , although it is a major outer membrane component in the iron-limited conditions prevalent in vivo (2) . The PorA VRs, especially VR2, and the FetA VR are relatively long surface-exposed peptides (VR2, 8 to 24 amino acids long; FetA VR, 20 to 42 amino acids long) that are easily defined. These data suggest that a combination of PorA and FetA variants in a vaccine could be particularly effective given the strong structuring of immunogenic variants of these two antigens. This survey of 78 isolates showed that as few as six PorA variants (P1.5-1,2-2, P1.5-2,16, P1.5,10, P1.7,13-1, P1.7-2,4, and P120,9) combined with five FetA variants (F1-5, F3-1, F5-1, F3-9, and F5-5) would potentially provide homologous protection against all 78 isolates. This combination of PorA and FetA variants would potentially protect against 95 (89%) of the 107 diverse meningococcal isolates used to develop MLST, from which the 78 representatives of the hyperinvasive lineages were derived (19) .
The results of this survey are consistent with a limited repertoire of antigen variant combinations dominating the major meningococcal hyperinvasive lineages. The nonoverlapping nature of combinations observed was consistent with strain structure imposed by herd immunity. If this is the case, some low-frequency variants in the population may have a shortterm selective advantage within a single host, although there is some evidence that such variants are likely to be less fit during epidemic spread (1) . This framework further predicts that novel variants can emerge and spread from time to time if they are distinct at multiple loci encoding immunodominant antigen variants and that distinct genotypes can possess identical antigen types; both of these phenomena are present in this data set. Moreover, as bacteria are less likely to change at two distantly located genes simultaneously, a vaccine that targets at least two distinct variable antigens will exhibit improved efficacy over a vaccine with multiple variants of a single antigen.
The isolates employed in this analysis represent the major disease-associated lineages reported over the last 60 years, and, while they are sufficient to establish the general features of meningococcal antigenic diversity discussed above, continued surveillance of current endemic and epidemic meningococcal disease is likely to be required to identify the emergence of new hyperinvasive lineages or novel antigen combinations. Analysis of additional representatives from each hyperinvasive lineage, together with carrier population samples, is also necessary if these findings are to be exploited as the basis for rational vaccine development. Such studies provide the prospect of relatively simple meningococcal OMP-based vaccines that are effective against all hyperinvasive lineages, regardless of serogroup.
